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1. Brain 5-aniinolaevulmate synthase showed a peak of increased activity in the first few 
weeks of life, which preceded and accompanied the development of brain cytochromes. 

2. In the brain of the adult rat. the activity of the enzyme was only 20% of that in the 
liver (on a per g wet wt basis), but it was still probably sufficient to maintain the 
turnover of brain cytochromes. 3. The brain synthase activity could be decreased by 
treatment of rats with cyclohenmide or with large doses of 5-aminolaevulinate, 
espedally when this precursor was given as the methyl ester. 4. Injected haematin and 

, C0CI2 markedly inhibited the synthase activity in the liver but failed to affect the brain 
enzyme; neither was taken up by the brain in vivo. 5. It is concluded that the brain can 
itself produce the haem required for the synthesis and turnover of its own haemoproteins 
and that 5-aminolaevulinate synthase may regulate the pathway in brain as in other 
tissues. 6. The relevance of the present findings to the pathogenesis of the neurological 
symptoms of acute porphyria and to the beneficial dfect of exogenous haematin in 
porpbyric patients is bridBy considered. 



Acute intermittent porphyria is an inborn error of 
metabolism characterized by a partial block in liver, 
haem biosynthesis and by increased urinary ex- 
cretion of the intermediates of the pathway, 5* 
aminolaevulinate and porphobilinogen. During the 
phases of exacerbation of the disease, or acute 
attacks, the excretion of 5-aminolaevttlinate and 
porphobilinogen becomes even greater and a number 
of symptoms may appear, all attributable to impair- 
ment of nervous function. Thus, although the liver 
appears to be the main site where the intermediates 
of the pathway are produced in excess, the clinical 
symptoms pertain almost exclusively to the nervous 
system. 

There are two main hypotheses for the patho- 
genesis of the neurological symptoms of the acute 
attack (Shanley et aL, 1977; Meyer & Schmid, 
1974). (1) He excessive amounts of porphyrin 
precursors made in the liver may lead to a bufld up 
within the nervous system of a toxic principle 
respbnsible for the neurological symptoms. (2) The 
partial block of haem biosynthesis due to the genetic 

* Present address: BiochemicaJ Phamacology Section, 
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defect may be expressed in the nervous tissue (as 
well as in the liver) and lead there to a decreased 
supply of haem, which may then in turn cause 
impaired metabolism and loss of function of the 
neurons. Large doses of exogenous haem are said to 
be beneficial when given to a porphyric patient 
during an acute attack (Watson et al, 1973; Jeelani 
Dhar et aU 1975; Watson, 1975; Peterson et al^ 
1976). This beneficial effect could be explained by 
either of the two hypothetical mechanisms con- 
sidered above: exogenous haem is known to inhibit 
formation of the intermediates of the pathway in the 
liver (by towering the activity of hepatic 5-amino- 
laevulinate synthase; Bonkowsky et al^ 197 IX and 
could in this way prevent , the formation of the 
postulated neurotoxic principle; also, if haem were 
taken up by the brain in sufficient amounts, it could 
conceivably rectify a state of haem deficiency in the 
nervous system. 

The work described in the present paper was 
stimulated by our interest in the biochemical 
mechanism of the nervous manifestations of por- 
phyria and was aimed at answering two basic 
questions. (1) Is the brain capable of producing 
haem for its own needs, even under conditions where 
haem requbements are increased, or docs it depend 
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on other organs and tissues (for example on the 
liver; BisseU et a/., 1979; Maines, 1980) for its haem 
requirement? (2) Can exogenousty administered 
haem be taken up by the brain in vivot 

Materials and methods 
Animals 

Male Sprague-Dawfey rats were allowed food 
and water ad lib, and were adjusted to a 12 h 
Hght/I2h darkness cycle for. at least I week before 
killing. With the exception of rats given cyclo- 
heximide, CoCl„ haematin or 5-aminolaevulinatc in 
vivo, where individual rats were studied, the livers 
and brains from two animals were pooled for each 
observation. The effect of cycloheximidc and CoCl, 
was also studied in male Porton rats with very 
similar results. Animals were killed by decapitation 
(between UrOOh and 13K)0h) and their brain and 
liver were obtained within 30 s and transferred into 
an ice-cold homogenizing fluid containing sucrose 
(0.25m), Tris/HCl buffer. pH7.2 (lOmM) and 
EDTA (ImM). The whole brain was taken for 
homogenization, including the cerebellum. 

Methaemalbumin was pi-epared (Tenhunen et aL, 
1968), using bovine scrum albumin; (**C]hacmin 
(sp. radioactivity 0.1Ci/mol) was prepared bio- 
syrnthetically from 5-amino[4-**CIIaevulinate. 5- 
Amtnolaevulinic acid and. its methyl ester were 
injected intravenously dissolved in a propylene 
giycol/saline (0.9% NaCl) mixture (1:2, v/v) and 
CoClj and cycloheximide dissolved in physiological 
saline. Doses and time of killing are given in the 
Results section. 

Studies in vitro ' 

5-Aminolaevutinate synthase (EC 2.3.1.37) was 
assayed by a slight modification of the radio- . 
chemical method described by Condie & Tephly 
(1978). The incubation mixture contained in a total 
volume of 2nd the following components with final 
concentrations, or total amounts, in* parentheses: 
liver or brain homogenate (equivalent to lOOmg wet 
wt. of tissue), Tris/HCl buffer (75 mM). glycine 
(lOOmM). EDTA (7.5 mM), pyridoxal 5'-phosphate 
(0.4 mM), ATP (1.36mM) and f2,3-»*Clsuccinatc (sp. 
radioactivity 2.73Ci/moI; 0.37mM). The pH of the 
complete mixture was 7.5 at 20'C. Incubation was 
for I h at 38'C in the presence of air but' without 
shaking and zero-time samples and incubated blanks 
(containing no enzyme) were routinely run. Under 
these conditions conversion of [2,3-'*C]succinate 
into 5-aminolaevulinate was linear with time of 
incubation (up to at least 1 h) and with amount of 
tissue taken (up to at least lOOmg). When the 
concentration of succinate was increased to 3.6 mM, 
only 12-25% greater yields of .5-aminolaevulinate 
were obtained. Since this entailed a considerable loss 



of sensitivity and much greater amounts of labelled 
succinate were therefore required, the concentration 
of succinate was kept at 0.37 mM throughout the 
present work. In some experiments conversion of 
fl,4-"Clsuccinatc was also studied. 

5-Aminolacvulinatc was obtained by ion- 
exchange chromatography and further purified by 
treatment with acetylacetone to form the pyrrole 
dcrivaUve 3-acetyl-4.(2-carboxycthyl)-2-methylpyr- 
role (Mauzerall & Granick, 1956) and by extracting 
the pyrrole into ethyl aceute at pH4.6 (Condie & 
Tephly, 1978). Overall recovery of 5-amino- 
laevulinatc, determined by taking through the whole 
procedure a known amount of 5-amino|"Cl- 
laevulinate was in excess of 90%. The radioactive 
compound recovered in the ethyl acetate phase was 
compared with the pyrrole obtained from authentic 
5-aminoI '^Cllacvulinatc by determining (1) the ratio 
between the radioactivities recovered in the first and 
second ethyl acetate extracts of the cluate, (2) the 
ratio between the radioactivities present in the ethyl 
acetate before and after shaking it with an excess of 
unlabclled eluate of pH4.6 and (3) the recovery of 
radioactivity from silica gel 60 plates (0.25 mm 
thick; E. Merck, Darmstadt, Germany), after U.c. in 
butanol/acetic acid (Mauzerall & Granick, 1956) 
and visual detection of the pyrrole spot by spraying 
with a mixture of modified Ehrlich/mercury reagent 
(Urata & Granick. 1963) and methanol (1 :4, v/v). 
By all these criteria the radioactivity recovered in the 
ethyl acetate behaved as diat obtained from authen- 
tic 5 aminolaevulinate and no significant contami- 
nation of the ethyl acetate extract by other radio- 
active compounds could be detected. 

Portions (I ml) of the ethyl acetate extract were 
taken for cou'ntmg radioactivity in a TriCarb model 
6 2450 liquid-scintillation spectrometer with In sta- 
ge! as the scintillant, and correction for quench was 
by an extemal-standard/channel-ratio curve. Yields 
of 5-aminolaevuUnate were calculated from the 
specific radioactivity of the f '^Osuccinate at a 1:1 
molar ratio. The radbactivities of blood plasma and 
of tissue homogenates from animals injected with 
M^CIhaematin were similarly determined and the 
contribution of bk)od plasma to the brain and liver 
radioactivity was calculated by assuming a 45% 
haematocrii value" and a blood plasma content of 
1.7% (Chhieh et al,, 1978) and of 7.7% (Cun- 
ningham et ai,, 1976), for brain and liver 
respectively. 

Source qf special chemicals 

Cycloheximide, bovine serum albumin (essentially 
fatty acid-free) end 5-aminolaevulinic acid (both the 
unesterified acid and its methyl ester) were obtained 
from Sigma (London) Chemical Co., London S.W.6, 
U.K. 1,2-Propylene glycol (purum grade) was from 
Kebo AB, Stockholm, Sweden, and haemin samples 
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were generous gifts from Dr. S. Sassa, Rockefeller 
University, New York, NY. U.S.A., and from Dr. 
C. J. Watson, Northwestern Hospital. Minneapolis, 
MN, U.S.A. [l,4-"ClSuccinic acid (sp. radio- 
activity 51.3Ci/moI), i2.3-"Cjsuccimc acid (sp. 
radioactivity 68.1Ci/moO and 5-aminol5-"C)- 
laevulinic acid (sp. radioactivity 49Ci/mol) were 
obtained from New England Nuclear 0.m.b.H., 
Dreiechenhatn, Germany. 

Rcsulli 

Conversion of \^*C]succinate into S-aminO' 
laeuuiinate and into unknown metabolite in vitro 

In the first experiment, in which adult male rats 
were used, evidence was obtained that both liver and 
brain homogenates could convert [ '^cjsuccinate 
into 5-aminolaevulinale in vitrot liver being consider- 
ably more active than brain (Table 1). This confirms 
previous findings (Patemiti ei ai., 1978; Percy & 
Shanley, 1979; Maines, 1980). When the trichloro- 
acetic acid-sduble supematants from incubation of 
either tissue with (2,3-'*C]succinate were subjected 
to ion-exchange chromatography, the l.OM-sodium 
acetate eluates contained, in addition to 5-amino- 
laevulinate, some other unknown metabolite(s). The 
amount of radioactivity present as unknown meta- 
bolite was relatively small with liver but very marked 
with brain, where it exceeded the radioactivity 
present as 5-aminolaevulinate by 50-fold. In spite of 
this large excess, complete separation of 5-amino- 
laevulinate from .the unknown contaminant was 
achieved by a further purification step, as described 
in the Materials and methods section. 

When (2,3-'<Clsuccinate and ( l,4-»*Clsuccinate 
were compared as precursors of 5-aminolaevulinate, 
a 15-40% greater incorporation of the methylene 
carbon atoms of succinate was found with both liver 
and brain (Table 1), compared with the incor- 
poration of the carboxy carbon atoms of succinate. 



Tabic 1. Conversion qf V^Osuccinate into S-aminolae- 
vulinate by brain and liver homogenates in vitro: com- 
parison between \2J-**C]- and\I,4'**Clsuccinate 
Brain and liver homogenates were incubated as 
described in the Materials and methods -section 
with either f24-"CJ- or |1.4-»*Cl-succinate 
(0.3 7 mM). Results are those of individual observa- 
tions, each obtained with the liver and brain from a 
different adult rat and are given as pmol of C^CI- 
sucdnate converted into 5-aminolaevulinate/min 
per g wet wt of tissue. 



1981 



UbeUed 
succinate 
I24-»*C1 
ll,4.'*Cl 
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Succinate converted (pmol) 



Brain 
25.25,32 
15,21,21 



Liver 
132, 145,111. 134 
116, 131, 88, 108 
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Postnatal development €f S-amlnolaevulinate syn- 
thase in brain and liver 

Previous work has shown an age-dependent 
maturation of several metabolic pathways in the 
brain, including the respiratory activity of braiii 
(Land et al., 1977) and its concentration of 
mhochondrial cytochromes (Chepelinsky & Amaiz, 
197(h Bull et al., 1979). All of these components or 
activities are very low at birth, then steadily increase 
reaching the adult activity at approx. 20 days of age. 
In contrast, the activity of 5-aminotaevulinate 
synthase, which was also very tow at birth, showed a 




0 10 20 30 40 80 60 

Time titer birth (days) 

Fig. I. Postnatal devehpment of brain and liver 5- 
aminolaevulinate synthase In the rat 
Male rats were killed at different times after birth 
and the conversion of (23-'H;^]succinate into 5- 
aminolacvulinate by their brain (o) and liver (b) 
homogenates was determined. Each point represents 
the result obtained with the pooled homogenates 
from two rats. Different symbols represent batches 
of rats with a slightly different birth date. Note that 
. the scales of the ordinates differ in (a) and ib% 
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rapid increase thereafter, reaching peak at about 
15 days and subsequently decUning to the much 
lower adult value (Fig. la). Therefore there was a , 
sharp peak of 5-aminolaevuUnaU 'synthase activity 
preceding and accompanying the incrcMe in mito- 
chondrial cytochromes, suggesting a physiological 
response to the increased hacm demand 

The age^ependcnt behaviour of 5-ainmo- 
laevulinate synthase was somewhat different m rat 
Uvcr. where activities at birth were relatively hi^ 
and a peak of increased activity was noted (at zhM 
20 days of age), after an initial decline (Fig. It}. 
Both the initial decline in hepatic 5-anuno- 
lacvuUnate synthase activity in the first few days 
after birth and the peak of increased acuvity at 
around 20 days of age have already been reported 
(Woods & Dixon. 1970; Mamcs & Kappas, 1978). 
In the Over, turnover of microsomal cytochromes, 
especially cytochrome P-450. accounts for most of 
the hacm that is synthesized (Meyer & Schmid, 
J977). this is in contrast with the situation m the 
bram.' where most of the newly formed haem 
appears to be destined for the synthesis of rmto- 
chondrial cytochromes (Percy & Shanley. 1979). It 
is therefore noteworthy that in the bvcr the wave of 
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increased 5-aminolacvuUnate synthase (Fig. U) 
aaain precedes and accompanies the maturation 
(Song el fl/., 1971) of the predominant hwrno- 
proteinst in this case the cytochromes of the P-450 
group. 

Effect qf various treaiihents on brain and Ifoer 
activates qf S-anUnolaeuulinate synthase in aduU 
rats , 

The finding of increased brain 5-aminolaevulinaic 
synthase at a time during development when haem 
requirements might be expected to be greater 
suggested that in brain, as in other organs (for 
example, the liver), this enzyme might regulate haem 
synthesis and be subjected to homoeostatic control 
Several treatments were compared for their effect on 
the brain and Uver enzymes. It was found CTable 2) 
that cycloheximidc decreased the enzyme acuyitym 
both tissues, whereas intravenously admmistered 
haem (given in cither of two different forms) or 
subcutaneoudy injected CoCl, decreased the «i- 
zyme activity only in the liver. Cycloheximide. 
CoCK and haematin have already been reported to 
prev^t the stimulation of hepatic 5-ammolacvu- 
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.and in e: 
"' 6.7-7.4n 



Experimi 
(fl) 



ib) 



5-aminolaevulinate 
(pmol/min per g wet wt. of tissue) 



Experiment 
A 



Trcatmem and dose 
Saline ( 10 ml/kg body wt, s,c) 
CoCl^6H,0 (60mg/kg body wt, 8.C.) 
Cycloheximidc (40mg/kg body wUuv.) 
Albumin (I Jt5%, In saline) (0.8 ml/kg 

body9rt.,i.v.) 
Ni^acmalbnmin (equivalent to 3.2mgor 

haemin/kgbodywt^irv.) . 
Na,CO, (0.25%) (I.Sml/kg body wt., i.v.) 
Haematin in Na,CO, solution (equivalent 

to73mgofhacminAgbodywL,Lv.) 
Propylene glyool/aaline (1 :2, v/v) (0.8ml/kg 

body wL, Iv.) 
5-Aminolaevulhiic acid (methyl ester) in 

propylene glycol/saline (22.8mg/kg 

bodywutv.) 
5- AminolacvuKnic acid (free acid) m 

propylene glycol/saKne (2l.2mg/kg 

body wt.. i.v.) 



Time of killing 
Oi after treatment) 

I 
1 
1 
2 



Brain 
3M±1.8 

32 ±1.4 
21.1 ±2»» 

35 ±0.41 

38.5 ±4.6 

33.9 ±Z4 
31.9+1.9 

35.5 ±1.5 
33±i5 
18.1 ±1.4*" 
14.7±1.9'* 

32.5±U 



Uver 
137.4 ±15 
28.1 ±9*** 
61.2+ 10* 
129±39 

12.5 ±i4* 



109 ±24.4 
ll.3±1.6'* 



72-7+12 
75+16 
6.1 ±r 
3.1 ±1* 



N.D. 
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Sbl. 3. nadlCi^riuUy »«<wer«* a, ^ert^, rimes ^er ,n/ec,lon "CW»«n«»/« In blood plasma and Homoge«a.es d 
: . . • --—I intr>venauslv with I "Clhaeinariii and kUled at different tbnes thereafter. In apenmeni (a) 

J!tx4 "rof haemUg body Wt 

Radioactivity recovered at 30niin 
after injection (d.p.m./g or d.pjn./ml) 



Experiment 
(a) 



Tissue 
Plasma 
Brain 
Uver 
Kidney 
Spleen 
Plasma 
Brain 
Uver 
Kidney 
Spleen 



Observed 
3885 

116 
3707 
104*1 

725 
16737 

309 
7175 
1348 
1533 



Corrected for 
enuapped plasma 

16 
3254 



25 
5886 



Time course of radioactivity 
(% of that observed at 3 min) 



3min. 


I5min 


30min 


100 


58.8 


29.4 


100 


58.0 


35:3 


100 


190.2 


. IB7.0 


100 


82.8 


83.3 


100 


126.7 


.97.2 


100 




66.0 


too 




. 67.7 


100 




351.0 


100 




99.3 


100 




114.9 



90imn 
16.3 
18.3 
183.8 
68.2 
8Z3 
39.3 
44.4 
420.4 
114.0 
133.6 



linatc synthase caused by inducers (Hayashi et o/^ 
1969; Gayalhri et al,y 1973; Maincs et al., 1976; De 
iMattcis & Gibbs. 1977) and CoCl, also to cause a 
decrease in the basal activity of the Uver enzyme 
(Nakamura et al, 1975; Sinclair et aL 1979). 

An intravenous load with 5-aminolaevulmatc did 
not affect markedly the brain synthase (even thou^ 
lit completely abolished the enzyme activity m the 
.fiver), but injection of similar amounts of the methyl 
•ester of 5-aminolacvulinic acid caused a very 
'significam decrease in the activity of the bram 
'enzyme (Table 2). Previous studies have shown that 
-^parenteraDy injected 5-aminolaevulinic acid is tak«i 
up with <Ufficulty by the brain but very effectively by 
tlw liver (McGiUion et al., 1975; Shanley et fl/., 
1976), and we suggest that the marked mhibition of 
the brain enzyme observed aRer a load of the methyl 
ester reflects passive diffusion of the unchanged 

• methyl ester across the blood/brain barrier. foUowed 

• by hydrolysis to the free amino acid witiiin the brain 
and subsequent conversion of 5-aminolaevuljnate 
into haem. Uptake of several amino acid esters (but 
not of the corresponding free amino acids) has also 
been reported with rat liver lysosomal preparations 
incubated in vitro and the methyl esters have been 
shown to undergo hydrolysis to the free ammo acids 
withinlhelysosomcs (Reeves, 1979). 

The differential effect of Co»* on S-ammolaevu- 
Unatc synthase in the two organs is also probably 
due to differential uptokc. as Uic conccnuatjon of 
cobalt was found to be considerably higher m Uver 
(13 5^g/g wet wt of tissue, on average) than in 
brain «0.3>ig/g ^> 
Evidence is provided below that the lack of effect of 
intravenously administered haematin on bram 3- 
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aminolaevulinate synthase was similarly due to lack 
of uptake by brain tissue. 

Fate qf intravenously admirUstered labelled 
haematin 

Rats were injected with l«*Clhaematin, dtiicr as 
metiiaemalbunun or as a sohition in 0.23% (wAv) 
Na,CO,. The latter was also used as several 
investigators have claimed that haematin ad- 
ministered in this form is beneficial to patients 
suffering from the neurological symptoms of acute 
porphyria. No evidence for brain uptake of haematm 
could be obtained. For. example, when metitaem- 
albumin was injected CTable 3o), in a^eemwt with 
previous findings (Snyder & Schmid, 1963), thehver 
radioactivity was in excess of Uiat exported from 
contamination by enuapped plasma, but ™ radio- 
activity recovered in brain was very smaU ana 
most of ft could be accounted for by contammatmg 
blood plasma. In addition, the time course of 
radioactivity suggested substantial uptake of label by 
liver (and possibly to some extent by kidney and 
spleen), whereas the time course of tiie bram 
radioactivity followed very closely Uiat of Plaf<n^ 
again suggesting tiiat tiie small amount of labd. 
present in brain is probably due to iU blood plasma 
content. Similar findings obtained with 

haematin dissolved In Na^O, solution CTable 3ft). 

Discttssioa 

We have confirmed the presence in tiie brain of 
the first enzyme of tiie pathway of haem bio- 
synthesis. 5-aminolaevulinate synthase. 1^^^ 
found that tiie enzyme undergoes changes m activity 
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at different sUgcs of development from birth to adult 
age. The wave of increased activity seen in the first 
few weeks of Ufe preceded and accompanied the 
formation of brain haemoprolcins, suggesting a 
physiological response of the brain enzyme to ensure 
adequate supply of haem within the brain cells 
during a period of increased demand. This suggests 
that the brain can itsdf produce the haem required 
for the synthesis of its own haemoprotcins and that it 
accomplishes this, tike other organs, by increasing 
the activity of the raic-controUing enzyme of haem . 
biosynthesis, 5-aminolaevuUnate synthase. 

In the adult rat both the concentration of the main 
haemoprotcins of the brain (the mitochondrial 
cytochromes; see.BuU et ai., 1979) and the activity 
of brain 5-arainolaevulinatc synthase (Fig. , to) are 
approximately in a steady state. The amount of 
haem, and therefore of 5-aminolacvuUnate, required 
to maintain the turnover of brain cytochromes was 
calculated, using the total cytochrome content given 
by BuU et al. (1979) (46.8nmol/g wet wt. of cortical 
slices) and assuming the same /| value (132 h), which 
has been reported (Aschenbrenncr ei al, 1970) for 
the turnover of mitochondrial cytochromes in both 
liver and heart of the adult rat The amount of 
5-aminolaevulinate required (33pmol/min per g of 
brain) is in good agreement with activity of 
5-aminolacvulinate synthase observed in this work 
between 46 and 70 days of age (29 ± 0.8 pmol/min 
per g (mcan + s.EJ4.); Fig. \a\. This also suggests 
that the brain is capable of producing haem for its 
own needs and is not likely to depend on the liver 
(Maines, 1980; Bisscll et al., 1979) for its haem 
requirements. 

This work has also shown that the brain synthase 
activity can be decreased, like the liver enzyme, by 
giving cycloheximidc or by large doses of 5-amino- 
laevulinate, especially when this precursor of haem is 
administered as the methyl ester, presumably 
because it can then diffuse more readily across the 
blood/brain barrier and generate intcrccrebrally 
enough haem to exercise a feedback type of action 
on the enzyme. Patemiti et al. (1978) and Percy & 
Shanley (1979) have reported that brain 5-amino- 
laevulinate synthase is not affected by ad- 
ministration of cither cthanol. 2-allyl-2-isopropyl- 
acctamide or 3,5-diethoxycarbonyl-l,4^ihydro- 
Qolfidine, treatments all known to induce the liver 
enzyme, suggesting some basic difference in the way 
in which the enzyme is regulated in the two organs. 
Percy & Shanley (1979) have further suggested that 
an inability of brain 3-aminolaevuUnate synthase to 
respond . with induction may explain the neuro- 
logical symptoms of acute porphyria, as the 
inherited enzymic block in the pathway of haem 
biosynthesis may not be compensated in the brain 
(as it is in the liver) by increased production of the 
haem precursors. Our observations would on the 
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other hand suggest that brain 5-aminolaevulinait " 
synthase may be regulated by haem as in other ' 
tissues and that the failure of inducers of the liver 
enzyme to stimulate the synthase in brain is due to 
them all acting indirectly, for example by inter- 
action with the drug-metabolizing system (Dc 
Matteis, 1978), the activity of which is known to be 
very low in brain (Sasame et ai^ 1977). More direct 
evidence that the brain S-aminolaevulinate synthase 
is in fact inducible in the adult rat has recently been 
found (F. De Matteis & D. E. Ray, unpublished 

work). ^ . ^ 

Previous work (Shemin, 1955) has shown that 
succinate can be converted into 5-aminolaevulinate 
by two different pathways. In the first pathway 
succinyl-CoA, the immediate precursor of 5-amino- 
laevulinate, is generated directly by the enzyme 
sucdnyl-CoA synthetase (EC 6.2.1.5); in the 
second, succinate enters the tricarboxylic acid cycle 
and succinyl-CoA is generated from the oxidative 
decarboxylation of Mxoglutarate. Since in the latter 
pathway both carboxy carbon atoms of succinate 
are lost, whereas both methylene carbon atoms are 
retained, incorporation of [l,4-**C]succinate into 
5-aminolaevulinate can only take place by the 
succinyl-CoA synthetase pathway. In conuast, 
incorporation <Sr radioactivity from (2,3-**Cl- 
succinate wiD proceed by both pathways (Shemin, 
1 955). It can therefore be concluded from the results 
of Table 1 that both pathways operate in the brain 
las they do in the erythropoietic system (Shemin, 
1955) and in the liver (see also Granick & Urata, 
1963)) and tiiat under the standard conditions of our 
enzymic assay most of the succinate is utilized for 
5-aminolaeyulinate synthesis, via the succinyl-CoA 
synthetase pathway. 

When radioactive I'^Clhaematin was ad- 
ministered intravenously to rats, uptake of radio- 
activity by liver (and possibly by kidney and spleen) 
could be demonstrated, but no significant uptake 
was found in the case of brain. This indicates that 
the blood/brain barrier is impermeable to haematin 
and casts doubts on the hypoUiesis that exogenous 
haem might remedy a situation of brain haem 
deficiency during the acute attack of human 
porphyria. If hacmat'm injections are in fact bene- 
ficial to these patients, they are more Ukdy to act by 
suppressing excess formation, of S-aminotaevulmate 
in the liver and its subsequent conversion into the 
postulated neurotoxic principle. 
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